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Achieving zero backward scattering (ZBS) and zero forward scattering (ZFS), i.e., the so-called
the first and second Kerker’s conditions respectively, by sphere spherical particles is considered to
be impossible due to the unavailability of naturally occurring magnetic materials in the visible fre-
quency range. We report theoretical modeling to design composite metamaterials that present large
optical magnetic permeability in the visible frequency range by employing Mie scattering theory and
extended Maxwell Garnett theory. We numerically show that a careful selection of constituents of
a composite metamaterial one can obtain metamaterials with sufficiently large artificial permeabil-
ity that eventually provides the Kerker’s criterion to achieve the Kereker’s conditions. By taking
realistic material parameters we demonstrate that the metamaterials exhibiting ZBS and ZFS have
a small imaginary part of the refractive index than metallic structures that pave a path to design
high-performance nanophotonic devices.
I. INTRODUCTION
Optimal control on directional scattering by spherical
particles in the visible frequency domain is an ultimate
goal for researchers to optimize the efficiency of opti-
cal devices [1–7]. For referential examples, the desire to
achieve zero backscattering plays a crucial role in optical
manipulation of spherical particles [8–10] and light man-
agement structures used in photovoltaic devices [11, 12].
The Mie scattering theory provides an exact solution to
the problem of light scattering by spheres [13] and the
seminal work on directional scattering was presented by
Kerker et al. in 1983 [14]. They revealed proper combina-
tions of relative permittivity and relative permeability of
an unconventional magneto-dielectric sphere to achieve
ZBS and ZFS that are commonly known as the first and
second Kerker’s conditions, respectively. Fulfillment of
the first Kerker’s condition requires a material with iden-
tical relative permittivity  and relative permeability µ
(i.e.  = µ), while the second Kerker’s condition needs
material with  = 4−µµ+2 . Observation of these conditions
for the visible light is considered to be impossible due to
the unavailability of such materials that possess large rel-
ative magnetic permeability in the frequency range, thus,
Kerker’s method can not be applied in optical frequen-
cies.
However, in spite of these limitations ZBS and ZFS
are successfully experimentally demonstrated by a dipo-
lar sphere of large permittivity [15, 16]. In this case,
the incident field equally excites the electric and mag-
netic dipoles that produce anisotropic scattering pattern.
Since the anisotropic distribution of the scattered field
is governed by the interference between the electric and
magnetic dipoles. For instance, the in-phase and out of
phase oscillations of the electric and magnetic dipoles can
provide an opportunity to observe ZBS and ZFS, respec-
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tively [17–20]. Although these proposals are limited to
the sphere of small radius (r) as compared to the incident
wavelength (λ), such that r  λ.
Nowadays, the anomalous but very fascinating scat-
tering behavior is observed by artificially designed so-
called metamaterials with unconventional optical con-
stants [21, 22]. They have the ability to present unique
scattering properties like optical cloaking [23], negative
optical reflection [24] and efficient control on scatter-
ing directionality [10] with valuable interest in the fields
of nanoantenna, nano waveguides and optical manipula-
tions [10, 25–27]. The recent advancement in the field
of metamaterials allows to achieve the invisibility of an
object through scattering cancellation by manipulating
the optical permittivity and permeability of the materi-
als [23, 28]. Although, it is challenging to find appropri-
ate materials to design the metamaterial that presents a
strong artificial magnetism in the visible range. Recently,
the ZBS has been shown by a sphere made of compos-
ite metamaterial [10] by tuning the permittivity of the
sphere in such a way that electric and magnetic multi-
poles interfere destructively in the backward direction,
thus ZBS is achieved. This proposal is neither robust
against the radius nor accommodates the permeability
of the sphere, while the Kerker’s method is applicable
for all radii.
Motivated by the recent advancement in the field of
metamaterials, in this article, we put forward a compos-
ite material platform to design composite metamaterials
that exhibit strong artificial magnetic response in the op-
tical frequencies range. Furthermore, we engineer the op-
tical constants of the composite metamaterials to meet
the Kerker’s criterion to achieve the ZBS and ZFS. In
order to implement this proposal, we consider a compos-
ite metamaterial made of a dielectric host medium con-
taining dipolar spherical inclusions of large optical per-
mittivity [23, 29, 30]. Furthermore, we apply extended
Maxwell-Garnett theory to calculate the effective opti-
cal constants of homogenized composite metamaterials
in the optical frequency range by assuming that the sizes
of the inclusions are sufficient to overcome the nonlocal
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2effects [31, 32]. In addition, the Mie scattering theory is
used to calculate the relevant directional scattering cross
sections of the composite metamaterials.
The rest of the article is organized as follows. Section II
is a methodological part, where the Mie scattering theory
and extended Maxwell-Garnett (EMG) theory are briefly
discussed. The main findings of the work are presented in
sections III, where the Kerker’s conditions for composite
metamaterials are analyzed. Finally, we summarize our
findings in section IV.
II. METHODOLOGY
A. Mie Theory
Consider a plane wave with vacuum wavelength λ0
scattering by a spherical particle of radius r, refractive in-
dex n =
√
µ embedded in a non-absorbing host medium
with refractive index n1 =
√
1µ1, where (1) and µ(µ1)
are the relative permittivity and relative permeability of
the sphere (host medium). The scattering and absorp-
tion of incident light by the sphere is described by the
Mie scattering theory in terms of normalized scattering
efficiency Qsca, absorption efficiency Qabs, extinction effi-
ciency Qext and mathematically defined as [13, 17, 18, 33]
Qsca =
2
x2
∞∑
`=1
(2`+ 1)(|a`|2 + |b`|2), (1)
Qabs =
2
x2
∞∑
`=1
(2`+ 1)(Re[a`]− |a`|2 + Re[b`]− |b`|2),
(2)
Qext = Qabs +Qsca, (3)
where a` and b` are the Mie scattering coefficients cor-
responding to the transverse magnetic and transverse
electric modes, respectively. The index ` is used to de-
note `th order spherical harmonic channel and x = kr
is size parameter with k = 2pi/λ. The Mie scattering
coefficients can be derived by employing the boundary
conditions on the surface of the scatterer and written as
[13]
a` =
mψ`(mx)ψ
′
`(x)− µψ`(x)ψ′`(mx)
mψ`(mx)ξ′`(x)− µξ`(x)ψ′`(mx)
, (4)
b` =
µψ`(mx)ψ
′
`(x)−mψ`(x)ψ′`(mx)
µψ`(mx)ξ′`(x)−mξ`(x)ψ′`(mx)
, (5)
where, ψ`, ξ` are Riccati-Bessel functions [34], m = n/n1
is the relative refractive index. In order to study the
directional scattering pattern, the expressions for differ-
ential scattering efficiencies in forward (θ = 0) and back-
ward (θ = pi) directions are given as [13]
Qb|θ=pi = 1
x2
∣∣∣∣ ∞∑
`=1
(2`+ 1)(−1)l(a` − b`)
∣∣∣∣2, (6)
Qf |θ=0 = 1
x2
∣∣∣∣ ∞∑
`=1
(2`+ 1)(a` + b`)
∣∣∣∣2. (7)
It can be seen in Eq. (6), the first Kerker’s condition
(i. e. Qb = 0) can be achieved by providing a` = b`
and this can occur for identical identical permittivity and
permeability of the sphere (see Eqs. 4-5). On the other
hand, the second Kerker’s condition can be satisfied by
achieving Qf ' 0, provided that a1 ' −b1, this occurs
when the condition  = 4−µ2µ+1 is satisfied in the quasi-
static limit.
It is worthwhile to mention that the optical theorem
imposes a severe condition to achieve ZFS. This theo-
rem of optics relates the extinction cross section σext to
the forward scattering amplitude sθ(0, 0) and can be ex-
pressed as σext =
λ20
pi Im[sθ(0, 0)] [35, 36]. In practice,
Qf = 0 (at 2
nd Kerker’s condition) appears by achieving
a1 = −b1 without necessarily making both of them zero
[14], which not only vanishes the forward scattering but
also nullify the total extinction cross section (one may
refer to Eq. (3) in quasi-static approximation). Subse-
quently, the non zero a1 and b1 are implying that the
overall scattering in all other directions may still be sig-
nificantly different from zero, which seems to be a contra-
diction to the fact that extinction cross section vanishes.
However, the usual approximation for the dipole coef-
ficients fail to satisfy energy conservation requirements
[35]. A more accurate approximation for those coeffi-
cients, taking into account radiative corrections, shows
that the forward scattering is not exactly zero, relaxing
the contradiction. Therefore, one cannot completely sup-
press the forward scattering, it may be possible to achieve
near zero forward scattering (NZFS) at second Kerker’s
condition. In order to demonstrate these conditions, we
use the effective medium theory that will provide an en-
vironment to satisfy the Kerker’s conditions.
B. Extended Maxwell Garnett Theory
When electromagnetic field propagates through a het-
erogeneous medium comprises of non-absorbing host
medium of permittivity h and small spherical inclusions
of permittivity i, radius b, such that b  λ. There
is a variety of effective medium theories for homogeniza-
tion of the heterogeneous medium [37, 38]. The collective
optical response of such a homogenized medium can be
discussed by defining the effective optical constants pro-
vided by one of the effective medium theory. Due to the
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FIG. 1: (a) The real and imaginary parts of the effective permittivity (blue) and effective permeability (purple) of the composite
metamaterial made of SiO2 as a host medium and spherical inclusions of permittivity i = 169 [23], where inset shows the
geometry of the composite sphere. (b) The backward scattering efficiency by the composite sphere as a function of incident
wavelength and radius is plotted. (c) The backward scattering efficiency by composite sphere of radius 500 nm and (d) forward
scattering efficiency by composite sphere of radius 70 nm are displayed as function of incident wavelength. Throughout the
figure, the radius of the spherical inclusions and volume filling fraction are fixed at b = 20 nm and f = 0.2 respectively.
best performance we use extended Maxwell-Garnett the-
ory [23, 39–43], which provides the effective permittivity
and permeability as functions of volume filling fraction
f , size of the inclusions, permeability and permittivity of
the host medium as neff =
√

eff
µ
eff
, where

eff
= h
y3 + 3ifa1
y3 − 32 ifa1
, (8)
µ
eff
= µh
y3 + 3ifb1
y3 − 32 ifb1
. (9)
Here y =
√
hωb/c, is the size parameter inside the host
medium, ω is the frequency, c is the speed of light, a1 and
b1 are dipolar Mie coefficients of the inclusions. The size
parameter must be y  1 [43], otherwise higher order
multipoles will contribute to effective permittivity and
permeability and spoil the validity of EMG theory.
III. RESULTS AND DISCUSSIONS
We begin our numerical analysis by considering a com-
posite material made of SiO2 as host medium with rel-
ative permittivity h = 2.1 [44] and dielectric spheri-
cal inclusions of radius 20 nm, bulk relative permittiv-
ity i = 169 [23, 29] and volume filling fraction f . The
effective optical constants of the composite material are
calculated by EMG theory (Sec. II B). Since the inclu-
sions have a large refractive index so that the incident
field can generate displacement currents inside the inclu-
sions and produces tiny magnetic dipoles. The collective
effect of these spherical magnetic dipoles generates a re-
markable magnetic response in the composite metama-
terials. The effective optical response of the composite
metamaterials is measured in terms of effective permit-
tivity and effective permeability by using the Eqs. (8-9)
that have external degrees of freedom, like volume fill-
ing fraction, permittivities and size of inclusions. One
can perform fine tuning of these parameters to tailor the
resonance at a chosen wavelength for operation. In Fig.
1(a), the real and imaginary parts of the effective per-
mittivity (blue) and permeability (purple) of the com-
posite metamaterial are displayed as a function of inci-
dent wavelength. It is clearly seen that the composite
metamaterial shows remarkable magnetic response with
a spectral region that indeed lies in our domain of in-
terest. For instance, the composite metamaterial shows
an identical effective permeability and permeability at
the wavelength of 560 nm with relatively small imagi-
nary parts. According to Kerker’s method, this is an
ideal scenario to satisfy the first Kerker’s condition for
all sized spherical particles. Fig. 1(b) shows a color map
of backward scattering efficiency by the composite sphere
as a function of the incident wavelength and radius of the
sphere. It is clearly seen that at λ = 560nm the back-
ward scattering is completely suppressed which occurs
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FIG. 2: (a) The schematic diagram of internal homogenization, (b) the real and imaginary parts of effective permittivity of the
effective sphere. (c) The real and imaginary parts of effective permittivity and permeability of an arbitrarily arranged effective
spheres in an homogeneous medium with h = µh = 1 for filling fraction f = 0.25 as a function of incident wavelength.
due to the in-phase oscillations of the electric and mag-
netic multipoles with same amplitudes such that a` = b`,
provided by identical eff and µeff as shown in Fig. 1(a).
Therefore, the overall backward scattering efficiency de-
fined in Eq. (6) is reduced to zero regardless of the sizes
of the sphere. The drastic reduction of backward scat-
tering by the composite sphere of radius 500 nm is shown
in Fig. 1(c) by calculating the backward scattering ef-
ficiency versus wavelength. It is clearly shown that the
dramatic reduction appears at λ = 560 nm and backward
scattering amplitude reduces to zero, thus satisfying the
first Kerker’s condition.
In contrast, the second Kerker’s condition requires the
condition eff =
4−µeff
µeff+2
, which surprising also occurs at a
wavelength of 500 nm. In Fig. 1(d), we calculate the for-
ward scattering efficiency by a composite sphere of radius
70 nm as a function of the incident wavelength. The dras-
tic reduction of forward scattering appears at λ = 500 nm
and satisfying the second Kerker’s condition. It is worth-
while to mention that the second Kerker’s condition can
be achieved by providing a` = −b`, which only implies
to the dipolar particles (i.e. for ` = 1). Otherwise, this
effect might be spoil for a large sphere due to higher-
order multipole contributions to the forward scattering
efficiency. Thus, provides nearly zero forward scattering
Qf ' 0 at λ = 500 nm for a dipolar sphere (of radius
70 nm).
Now we extend our proposal to design metamaterials
by using naturally occurring materials that will present
a significant magnetic response to satisfy the Kerker’s
conditions. The immediate question that arises, is there
any material that possesses large permittivity in the vis-
ible region? The answer is yes, for instance, a carefully
designed core-shell system shows a very high permittiv-
ity due to plasmonic resonances with strong spectral de-
pendence and in the quasi-static approximation these
core-shell nanoparticles can be used as inclusions into
a host medium. For simplicity, we begin with an in-
ternal homogenization approach introduced by Chettiar
and Enghetta [30] that provides effective permittivity of
core-shell nanoparticle by homogenizing it to an effective
sphere of the same dimension. Through this approach,
the effective permittivity of a core-shell nanoparticle is
calculated by equating the polarizabilities of the core-
shell to a homogenized sphere of the same dimension and
finally, the expression turns out as
MG = s
a3(c + 2s) + 2b
3(c − s)
a3(c + 2s)− b3(c − s) . (10)
In order to implement this proposal, we consider
metallic nanosphere as a core of radius b embedded in
dielectric spherical shell of radius a, forming a core-shell
nanoparticle [45–48]. Assuming that the core is silver
(Ag) and we may use Drude formula to define it’s permit-
tivity, c = ∞− ω
2
p
ω(ω+iΓ) , with ωp = 9.2eV, Γ = 0.0212 eV,
∞ = 5.0, where 1eV = 241.8THz [49] and ω is the
angular frequency of incident light. Furthermore, the
core-shell is homogenized to an effective sphere of radius
a with permittivity MG provided by Eq. (10) and dis-
played in Fig. 2(b) at fixed radii ratio at ba = 0.84. It has
been verified that in the quasi-static limit, the effective
sphere has a good agreement to exact Mie solution of a
core-shell nanoparticles of the same dimension [50] and
indeed it can be used as inclusion into a host medium
to fabricate the structures of desired optical and physical
properties [30, 50–52].
Let us design a bulk composite medium comprises of
randomly arranged effective (homogenized) nanospheres
with permittivity MG and radius a embedded in a host
medium with volume filling fraction f . In Fig. 2(c) we
calculate the effective permittivity (blue) and permeabil-
ity (purple) of newly designed composite metamaterial
by means of EMG theory at fixed f = 0.25 as a function
of λ. In this configuration, we consider radii of the ef-
fective nanosphere about 14 time less than the incident
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FIG. 3: (a) Backward scattering efficiency by a sphere made of composite metamaterial (of permittivity given in Fig. 2c) of
radius 800 nm as a function of incident wavelength. (b) Forward scattering efficiency by a composite sphere of radius 120 nm,
where the volume filling fraction is fixed at f = 0.25.
wavelength which is a safe zone for the validation of the
effective medium theory [43].
It can be seen in Fig. 2(c) that the composite meta-
material not only presents large effective permeabil-
ity but also provides identical permittivity and perme-
ability with week imaginary parts at a wavelength of
650 nm. Therefore, according to Kerker’s criterion, it
must present zero backward scattering at this wave-
length. We now calculate the directional scattering by
the composite sphere of radius r with permittivity given
in Fig. 2(c). The backward scattering efficiency and for-
ward scattering efficiency as a function of incident wave-
length are displayed in Fig. 3(a) and 3(b), respectively.
It is clearly seen that the backward scattering efficiency
is drastically reduced to zero at λ = 650 nm which is due
to the fact that equal electric and magnetic response.
On the other hand, the NZFS appears at a wavelength
of 620 nm due to out of phase oscillations of electric and
magnetic dipoles, thus satisfying the second Kerker’s con-
dition.
IV. CONCLUSIONS
In this paper, we have theoretically modeled compos-
ite metamaterials using Mie scattering theory and effec-
tive medium theory. Our numerical results have shown
that the composite metamaterials present strong artificial
magnetic permeability in the optical frequency domain
that appears due to the displacement currents inside the
inclusions. Our findings show that a fine tuning of the
parameters appear in the EMG theory, one can creates
a spectral region with identical permittivity and perme-
ability not only for bulk homogeneous composite spheri-
cal sphere but also for a regularly arranged nanospherical
particles. Altogether, this proposal not only paves a path
to design new possible structures with artificial magnetic
response but also allows to achieve Kerker’s conditions
for low refractive index materials in the visible frequency
range. These structures with unique optical properties
have very low Im(meff) (i. e. low absorption) than metal-
lic structure that makes our proposal a good candidate
to design high-performance optical antennas, metamate-
rials and other novel nanophotonic devices.
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